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Abstract 
The operation of a photovoltaic (PV) array under partial 
shading (PS) conditions represents a great challenge in the PV 
systems. The PS of a PV array causes a reduction of the 
generated power of such array and increases the thermal 
losses inside the shaded modules. This paper presents the 
gravitational search algorithm (GSA) to optimally fully 
reconfigure the PV array with the purpose of reducing the PS 
losses. The single diode PV model is used to model the PV 
module. The GSA code is built using MATLAB environment. 
The target of the optimized problem is to minimize the 
irradiance level mismatch index. The reconfigurable PV array 
is modelled using MATLAB/SIMULINK environment. The 
validity of the GSA-based reconfigurable PV array is verified 
by the simulation results. The effectiveness of proposed PV 
array is evaluated by comparing its results with that of other 
PV array configurations under different PS and PV modules 
conditions.  
1 Introduction 
The photovoltaic (PV) system will be one of the most 
promising renewable energy systems in the near future. The 
costs of installed PV systems are continuously decreasing 
worldwide because of dropping component average selling 
prices [1]. The global PV system installations reached 136.7 
GW at the end of 2013 and the cumulative market growth 
reached 36% [2]. The large scale PV power plants were 
connected to the grid in the last few years. One of the 
problems facing the PV system is its operation under partial 
shading (PS) conditions.  
There are many factors causing the PS of a PV array. 
Neighboring buildings, trees, and even other PV arrays can 
cause the PS of PV array. In these cases, PS can be easily 
avoided by the proper design of the PV system. Other factors 
are difficult to be avoided such as clouds, dust, and snow. The 
PS of the PV arrays causes annual energy losses [3].    
The PV modules of partially shaded PV array receive non-
uniform solar irradiations resulting in multiple peaks of the 
power versus voltage (P-V) characteristics. Therefore, the 
global peak or maximum power point (MPP) may be 
misleading and this causes a reduction of the generated power 
of the PV array [4]-[8]. The PS can cause the shaded modules 
to act as loads consuming power and increasing the thermal 
losses. This is because of the operation of shaded modules in 
the reverse bias region [9]. Another type of the PS losses is 
the application of the bypass diodes which are utilized to 
avoid hot spots formed in the partially shaded PV array. 
Turning the diodes on creates losses due to their forward-
biased resistances [10].    
To mitigate the PS effects and extracting the maximum power 
of a partially shaded PV array, several techniques have been 
used. Some methods rely on modifications of the maximum 
power point tracking (MPPT) techniques that detect the 
global peak [9]. Another category includes different PV 
architecture such as micro-inverters. Some approaches 
depend on the converter topology such as the multilevel 
converter. However, these methods suffer from the complex 
control. Other methods contain different array configuration 
for interconnecting PV modules such as series-parallel, total-
cross-tied (TCT), and bridge-linked configurations [10]. 
The PV array reconfiguration is an active technique used to 
reconfigure PV modules of the PS PV array using solid state 
switches. The main target of reconfiguration is the reduction 
of PS losses. In [11], an adaptive reconfiguration of the PS 
PV array is presented to reduce the PS effects. The PV array 
is divided into fixed and adaptive parts with a switching 
matrix. Simple control schemes are used to optimize the 
output power. However, the modifications of the proposed 
algorithms to deal with a large number of reconfigurable 
columns are not mentioned. In [12], a dynamic PV array 
reconfiguration is introduced for a grid-connected PV system. 
The proposed optimal reconfiguration is based on 
minimization of the irradiance equalization index, which is 
the difference between the maximum and minimum average 
row irradiance levels in the PV array. However, the 
differences in the rows irradiance levels should be minimized 
to yield an optimal reconfiguration. In [10], an optimal 
reconfiguration of a PV array is proposed. The optimized 
problem is considered as a mixed integer quadratic 
programming (MIQP) problem and its optimal solution is 
determined using a branch and bound algorithm. Although, 
the maximum allowable output power of the partially shaded 
PV array is reached using this algorithm, the time required to 
perform the optimization process is longer resulting in 
inefficient usage in real time applications. The great 
development of the meta-heuristic optimization techniques 
represents the impetus for using the gravitational search 
algorithm (GSA) to optimally reconfigure the PS PV array for 
the PS loss reduction.  
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The GSA is a meta-heuristic physics-based optimization 
technique presented by Rashedi et al. in 2009 [13]. The 
principle of GSA depends on Newton gravitational law and 
the law of motion. The GSA has been successfully applied to 
solve many power system optimization problems such as 
optimal reactive power dispatch [14], [15], optimal power 
flow [16], and multi-distributed generation planning [17]. 
Recently, it has been explored in electric machines design 
such as magnetizers design [18].    
In this paper, the GSA is presented to optimally fully 
reconfigure the PV array with the purpose of reducing the PS 
losses. The single diode PV model is used to model the PV 
module. The target of the optimized problem is to minimize 
the irradiance level mismatch index. The reconfigurable PV 
array is modeled using MATLAB/SIMULINK environment. 
The validity of the GSA-based reconfigurable PV array is 
verified by the simulation results. The effectiveness of 
proposed PV array is evaluated by comparing its results with 
the results of other PV array configurations under different PS 
conditions and PV modules. 
2 Model of PV Module 
The single diode model of the PV module is illustrated in Fig. 
1. The I-V characteristic of PV module can be written as 
follows [19]:        
               𝐼 = 𝐼𝑃𝑉 − 𝐼𝑜 �exp �
𝑉+𝑅𝑠𝐼
𝑎 𝑉𝑡 
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                 (1) 
where IPV is the photovoltaic current, Io is the reverse 
saturation current of the diode, a is the ideality factor of the 
diode, and Vt is the thermal voltage of the module. Rs and Rp 
are the series and parallel resistance, respectively. IPV  is 
written by the following formula: 
                            𝐼𝑃𝑉 = �𝐼𝑃𝑉,𝑛 + 𝐾𝐼 ∆𝑇�  
𝐺
𝐺𝑛
                         (2) 
where IPV,n is the photovoltaic current under the nominal 
condition. KI is the short circuit current per temperature 
coefficient, ΔT is the difference between the actual and 
nominal temperatures, G and Gn are the actual and normal 
solar irradiation [20]. IPV,n is given by  
                              𝐼𝑃𝑉,𝑛 =
𝑅𝑝+𝑅𝑠
𝑅𝑝
 𝐼𝑠𝑐,𝑛                                 (3) 
The reverse saturation current Io is deeply influenced by the 
temperature and it can be mathematically modeled by the 
following equation [20]: 




                             (4) 
where Isc,n, and Voc,n are the short circuit current and open 
circuit voltage under the nominal condition, respectively. KV 
is the open circuit voltage per temperature coefficient.  
3 Problem Formulation 
The PS phenomena of the PV array results in an irradiance 




Fig. 1.  Equivalent circuit of the single diode PV model. 
 
of dynamic PV array reconfiguration plays an important role 
in minimizing irradiance level mismatch on the row level. 
The irradiance level mismatch index (IMI) can be defined as 
the sum of squares of the differences between the total 
irradiance levels of the PV rows. It can be mathematically 
modeled by the following equation [10]: 









𝑖=1                           (5) 
where Gti and Gtl are the total irradiance levels of the rows i 
and l, respectively. m is the number of PV rows. 
The main target is to perform a full reconfiguration of the PV 
array such that IMI is minimized. In this study, the proposed 
GSA technology is applied to the objective function (IMI) to 
obtain an optimal full reconfiguration of the PV modules for 
any PS PV array. The number of the design variables of the 
optimized problem is based on the size of the PV array. The 
GSA code is built using MATLAB environment [21]. The 
overall performance ratio (PR) of the PV array is tested for 
the optimal reconfigurable array to validate its effectiveness. 
PR is defined by the following formula [10]: 
                           𝑃𝑅 = 𝑃𝐴 𝑚𝑎𝑥 × 𝐺𝑛
𝐺𝑎𝑣 × 𝑃𝑑𝑐
                                   (6) 
where PA max is the array's maximum output power, Gav is the 
average solar irradiation of the PV array, and Pdc is the rated 
dc output power of the PV array.      
4 GSA 
The GSA is a meta-heuristic physics-based optimization 
technique. The GSA depends mainly on the laws of gravity 
and motion. In this algorithm, agents (masses) are objects 
which attract each other by the gravity force resulting in a 
global movement of all objects towards heavier masses 
objects. This concept is based on the gravity law, where the 
gravity force between any two particles is directly 
proportional to the product of the two masses. This means 
that the heaviest mass that contributes to the high 
gravitational force is an optimum solution within the search 
space [13]. There are four specifications for each mass: 
position, inertial mass, active gravitational mass, and passive 
gravitational mass. The mass position is a candidate solution 
and the gravitational and inertial masses are determined using 
a fitness function. For a system consists of N masses, the 
position of the ith mass can be written as follows:  
𝑋𝑖 = �𝑥𝑖1, … . , 𝑥𝑖𝑑, … . 𝑥𝑖𝑛�            for i = 1, 2, ...., N          (7) 
where n is the dimension of the problem, and 𝑥𝑖𝑑 is the 
position of the ith mass in the dth dimension. Generally, the 
masses are initially generated randomly in the search space. 
At any time t, the gravitational force acting on mass i from 









  �𝑥𝑗𝑑(𝑡) − 𝑥𝑖𝑑(𝑡)�                    (8) 
where Mpi is the passive gravitational mass of the mass i, Maj 
is the active gravitational mass of the mass j, G(t) is the 
gravitational constant at a time t, ԑ is a small constant, and 
Rij(t) is the Euclidian distance between the two masses i and j, 
and it can be expressed as follows:  
                         𝑅𝑖𝑗(𝑡) = �𝑥𝑖(𝑡), 𝑥𝑗(𝑡)�2                              (9) 
 
It is supposed that the total force that acts on the mass i in the 
dth dimension be a random weighted sum of dth components 
of the forces exerted from the other masses.  
                         𝐹𝑖𝑑(𝑡) = ∑ 𝑟𝑎𝑛𝑑𝑗  𝐹𝑖𝑗𝑑𝑁𝑗=1,𝑗≠𝑖 (𝑡)                  (10) 
where randj is a random number varying from 0 to 1.  
Based on the law of motion, the acceleration of the mass i at a 
time t and in a direction dth is written as follows:  




                                     (11) 
where Mii is the inertial mass of the ith mass.  
Moreover, the velocity and position of the mass i in the dth 
dimension are updated by using the following formulas, 
respectively:  
                   𝑣𝑖𝑑(𝑡 + 1) = 𝑟𝑎𝑛𝑑𝑖  ×  𝑣𝑖𝑑(𝑡) +  𝑎𝑖𝑑(𝑡)           (12) 
                     𝑥𝑖𝑑(𝑡 + 1) = 𝑥𝑖𝑑(𝑡) +  𝑣𝑖𝑑(𝑡 + 1)                   (13) 
where randi is a random number varying from 0 to 1 to give a 
randomized feature to the search.   
At starting, G(t) is initialized with an initial value Go and then 
decreases with time to control the search accuracy. In the 
proposed algorithm, G(t) is described by the following 
equation:    
                           𝐺(𝑡) = 𝐺𝑜  𝑒−𝛼(𝑡/𝑇)                                  (14) 
where α is a constant, t is the current iteration, and T is the 
maximum number of iterations. 
The gravitational and inertial masses are calculated by using 
the fitness function. It is assumed that these masses are equal 
and can be updated by the following formulas: 
            𝑀𝑎𝑖 = 𝑀𝑝𝑖 = 𝑀𝑖𝑖 = 𝑀𝑖   for i = 1, 2, ...., N            (15) 
                         𝑚𝑖(𝑡) =
𝑓𝑖𝑡𝑖(𝑡)−𝑤𝑜𝑟𝑠𝑡(𝑡)
𝑏𝑒𝑠𝑡(𝑡)−𝑤𝑜𝑟𝑠𝑡(𝑡)
                              (16) 
                         𝑀𝑖(𝑡) =
𝑚𝑖(𝑡)
∑ 𝑚𝑗(𝑡)𝑁𝑗=1
                                       (17) 
where fiti(t) is the fitness value of the mass i at time t, and 
best(t) and worst(t) are defined to a minimization problem as 
follows:  
                𝑏𝑒𝑠𝑡(𝑡) =   𝑓𝑖𝑡𝑗(𝑡)𝑗∈{1,…,𝑁}
𝑚𝑖𝑛                                  (18) 
 
             𝑤𝑜𝑟𝑠𝑡(𝑡) =   𝑓𝑖𝑡𝑗(𝑡)𝑗∈{1,…,𝑁}
𝑚𝑎𝑥                                  (19) 
Moreover, the last two equations are reversed for a 
maximization problem. The complete flowchart of the GSA 
approach is shown in Fig. 2.    
5 Simulation Results and Discussion 
In this study, the chosen configuration of a PV array is 6 x 4. 
Two different PV modules are used to test the GSA-based 
reconfigurable PV array. The practical PV modules are Shell 
PowerMax Ultra SQ85-P solar module and Kyocera 
multicrystal KC200GT. The typical electrical characteristics  
 
Fig. 2.  Flowchart of the GSA approach. 
 
of these PV modules under standard test conditions (STC) 
(module temperature 25 ºC, AM 1.5 spectrum, irradiance 
1000 W/m2) are listed in Table I [22], [23]. The iterative 
method presented in [20] is used to determine the unknown 
parameters of the single diode PV model. Table II shows the 
complete parameters of the PV model for two different PV 
modules. In this study, the GSA technology is applied to 
minimize the objective function (IMI) for obtaining an 
optimal full reconfiguration of the PV modules for any PS PV 
array. The problem is an integer optimization problem and the 
number of design variables of the optimized problem is 24. 
These design variables are the irradiance level of the PV 
modules. The solar irradiation under normal conditions is 
1000 W/m2 and the irradiation under PS conditions is 500 
W/m2. Therefore, the optimal value of design variable may be 
equal 1000 or 500 W/m2. There is a limitation with the 
number of PS PV modules in the optimized problem, which 
varies from PS scenario to another. Based on the GSA 
approach described in Section 4, the parameters that affect the 
performance of the GSA are Go, α, and T. These parameters 
control the search accuracy and expedite the convergence 
process. In this study, the optimal chosen GSA characteristics 
are illustrated in Table III. 
Modelling of the PV array under study is carried out using 
MATLAB/SIMULINK environment. To verify the proposed 
GSA-based reconfigurable PV array, a detailed comparison 
should be made with other PV array configurations. The 
simulation results are performed using an Intel(R) Core(TM) 
i7-3630QM CPU @ 2.4GHz Processor, 8 GB RAM, 64-bit 
operating system, PC. The time required to execute the 
optimization process is included in the comparisons. Different 
Yes 
Generate initial population in the search 
 





Update the G, best, and worst of the 
population 
Calculate M and a for each agent 
Update the velocity and position 
Determine the best solution 
Start 
4 
scenarios are investigated in the following subsections to 
check the proposed reconfigurable PV array under different 
partial shading and PV modules conditions.   
 
TABLE I 
TYPICAL ELECTRICAL CHARACTERISTICS OF PV MODULES  
UNDER THE STC 
 SQ85-P KC200GT 
Isc 5.45 A 8.21 A 
Voc 22.2 V 32.9 V 
Imp 4.95 A 7.61 A 
Vmp 17.2 V 26.3 V 
Pmax 85 W 200 W 
KV -0.0645 V/ºC -0.123 V/ºC 
KI 0.0014 A/ ºC 0.00318 A/ ºC 
Ns 36 54 
 
TABLE II 
 PARAMETERS OF THE PV MODEL UNDER THE STC  
 SQ85-P KC200GT 
IPV 5.45 A 8.214 A 
Io 2.418. 10-5 A 9.825. 10-8 A 
Rs 0.187 Ω 0.221 Ω 
Rp 360.12 Ω 415.405 Ω 




Go  100 
α 20 
T   100 
 
Scenario (1): 
This scenario presents a single row PS condition. The PV 
modules are Shell PowerMax Ultra SQ85-P solar modules. 
Fig. 3(a) and (b) indicates the irradiance levels of the PV 
array with TCT configuration and GSA-based full 
reconfigurable PV array, respectively. Fig. 3(c) points out the 
fitness function convergence using the GSA. It is worth of 
noting here that the GSA has the merit of high speed 
convergence. The power versus voltage (P-V) curves of the 
PV array are shown in Fig. 3(d). It can be noted that the 
generated power of the GSA-based reconfigurable PV array is 
greater than that of the TCT configuration by 9% and also is 
smoother than it. Moreover, a detailed comparison is made 
among the TCT configuration, the MIQP-based full 
reconfigurable PV array, and GSA-based full reconfigurable 
PV array, as shown in Table IV to check the PV array 
performance. It is important to realize that the generated 
power and PR of the GSA-based reconfigurable PV array is 
slightly higher than that of the conventional MIQP-based 
array due to the high accuracy of the PV model. In additions, 
the time of the optimization process of the GSA technology is 
deeply slower than that of the MIQP technology. This leads to 
a fast operation of the PV array under PS conditions when it 
is applied as well as a contribution to the reduction of PS 
losses is achieved.  
Scenario (2): 
The double row PS condition is considered in this scenario. 
Shell PowerMax Ultra SQ85-P solar modules are used. Fig. 
4(a) and (b) indicates the irradiance levels of the PV array 
with TCT configuration and GSA-based full reconfigurable  
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1000 1000 1000 1000  1000 1000 1000 1000 
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Fig. 3.  Results of Scenario (1). (a) Irradiance levels of the PV array with 
TCT. (b) Irradiance levels of the GSA-based full reconfigurable array. (c) 
Fitness function convergence. (d) P-V curves. 
 
TABLE IV 
COMPARISON OF PV ARRAY CONFIGURATION FOR SCENARIO (1)  
 Modules' powers 
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PV array, respectively. Fig. 4(c) points out the fitness 
function convergence using the GSA. The P-V characteristics 
of the PV array are illustrated in Fig. 4(d). It can be noted that 
the generated power of the GSA-based reconfigurable PV 




































array is greater than that of the TCT configuration by 23.1%. 
The P-V curve with the proposed technology is smoother than 
that of TCT configuration. This helps in the reduction of 
MPPT misleading. Moreover, Table V lists a comparison 
among the GSA-based full reconfigurable PV array and other 
PV configurations. It can be realized that the generated power 
and PR of the GSA-based reconfigurable PV array is slightly 
higher than that of the MIQP-based array. Therefore, the 
proposed algorithm contributes to the reduction of PS losses. 
In additions, the optimization time of the GSA technology is 
very short. The high performance of the proposed 
reconfigurable PV array reflects the GSA merits and proper 
design of the GSA model.    
Scenario (3): 
In this scenario, a quarter array PS condition is applied. For 
an extensive verification of the proposed algorithm, another 
type of PV modules (KC200GT) is used. Fig. 5(a) and (b) 
indicates the irradiance levels of the PV array with TCT 
configuration and GSA-based full reconfigurable PV array, 
respectively. The P-V curves of the PV array are illustrated in 
Fig. 5(c). Table VI shows a comparison between the proposed 
GSA-based full reconfigurable PV array and TCT 
configurable array. It can be noted that the generated power 
increases by 9.13% using the proposed reconfigurable array 
than that of the TCT configurable array. Furthermore, with 
the GSA-based array, PR rises to unity and IMI falls to zero. 
This provides with a good perspective for the PS losses 
reduction.      
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Fig. 4.  Results of Scenario (2). (a) Irradiance levels of the PV array with 
TCT. (b) Irradiance levels of the GSA-based full reconfigurable array. (c) 
Fitness function convergence. (d) P-V curves. 
 
TABLE V 
COMPARISON OF PV ARRAY CONFIGURATION FOR SCENARIO (2)  
 Modules' powers 
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(c) 
Fig. 5.  Results of Scenario (3). (a) Irradiance levels of the PV array with 




COMPARISON OF PV ARRAY CONFIGURATION FOR SCENARIO (3)  
 Modules' powers 
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This paper has introduced a novel application of the GSA 
technology to optimally full reconfigure the PV array for the 
PS losses reduction. The target of the optimized problem is to 
minimize the irradiance level mismatch index, which is the 
sum of squares of the differences between the total irradiance 
levels of the PV rows. The GSA was applied successfully to 
solve the optimized problem producing an optimal 
reconfigurable PV array. Several comparisons were made to 
verify the validity of the GSA-based reconfigurable PV array. 
It can be claimed from the results the following points: 
1) The generated power and the performance ratio of 
the GSA-based reconfigurable PV array is greater 
than that of TCT configurations and is close to that 
of MIQP-based reconfigurable PV array. Moreover, 
the optimization time of the GSA technology is 
rigorously slower than that of MIQP technology, 
providing high suitability for real time applications. 
2) The simulation results of the GSA-based 
reconfigurable PV array are better than that of the 
mentioned configurations under different PS and PV 
modules conditions. 
3) The high performance of the proposed 
reconfigurable PV array reflects the GSA merits and 
proper design of the GSA model.    
Therefore, with the application of the GSA technology, an 
optimal reconfigurable PV array can be achieved and PS 
losses can be reduced. 
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